Accumulating evidence indicates that the human's proprioception map appears 22 subject-specific. However, whether the idiosyncratic pattern persists across time with 23 good within-subject consistency has not been quantitatively examined. Here we 24 measured the proprioception by a hand visual-matching task in multiple sessions over 25 two days. We found that people improved their proprioception when tested 26 repetitively without performance feedback. Importantly, despite the reduction of 27 average error, the spatial pattern of proprioception errors remained idiosyncratic.
Introduction 46
Knowing the spatial position of one's hand is important for humans to maintain 47 postures and perform actions. Both visual and proprioceptive cues are used for a new position to start the next trial. The participants were allowed to move freely 162 from one target position to the next at their own pace. Before formal data collection, 163 we gave participants 16 familiarization trials for the visual matching task. Each trial 164 was associated with a different target, and the 16 targets were evenly spaced to form a 165 4×4 matrix to cover the whole workspace. None of them overlapped with the targets 166 in the formal test. For these familiarization trials, the actual position of the stylus was 167 indicated by a green dot (50 mm diameter) for one second after the participant pressed Trajectory matching task 172 The trajectory matching task was modified from a similar task in one of our previous 173 studies (Dam et al. 2013) . In the workspace of the visual matching task described 174 above, we asked participants to produce a curved trajectory to "copy" a target 175 trajectory that was visually presented on the projection screen ( Fig. 1B) . Each trial To assess people's performance for trajectory matching, we used fifteen target 195 trajectories that were evenly distributed over the whole workspace ( Fig. 1B) . These 196 trajectories were set by varying α from -1 to 1 and β from -0.9 to 0.8. All target 197 trajectories started from the starting position at (x = 0, y = 0) and ended when y = 1.
198
The target trajectories were presented in a random order, and each appeared twice in a 199 row. Before the formal test, we gave each participant four trials to familiarize the task 200 with a single target trajectory (α = 0, β = 0.1), which was not used in the formal 201 experiment. In the first two practice trials, people received terminal feedback by 202 viewing the actual movement trajectory made along with the target trajectory 203 9 immediately after the movement end. The next two practice trials were the same as 204 the formal trial without terminal feedback.
206
The participant was not allowed to start a movement before the start position turned 207 green. Also, no backward movement towards the body was allowed. Warning 208 messages, i.e., "Do not move before the start position turns green" or "Do not move 209 backward," were shown on the screen if these trials were detected. To avoid slow 210 movement, we computed their average movement speed on each trial and compared it 211 to the lowest speed allowed (165 mm/s). Movements slower than this threshold were 212 regarded as invalid, and a warning message ("Too slow") was displayed at the trial 213 end to urge participants to move faster. All invalid trials were repeated immediately. Experiment 1 was designed to test whether the proprioceptive performance was 218 subject-specific and stable across days and whether it correlates to motor 219 performance. It included three sessions with the first two sessions on day 1 and the 220 third one on day 2 (Fig. 1C ). There was a forty-minute rest between the first two 221 sessions and a twenty-four hours interval between the last two sessions. The trajectory 222 matching task was performed at the end of the first proprioception measurement, and 223 it took about five minutes. Session 1 and session 3 started with a sixteen-trial 224 familiarization, which provided participants with feedback at the end of each trial. We found that proprioception improved across sessions without any performance 228 feedback in Experiment 1. One confound was that the 16 familiarization trials before 229 session 3 provided performance feedback, which might improve people's 230 proprioceptive performance, as shown in the subsequent measurement sessions. In 231 Experiments 2, we removed the familiarization trials before session 3 and added a 4th 232 session with its own familiarization trials. Other procedures remained the same as in 233 Experiment 1. Therefore, Experiment 2 included four sessions, two on the first day 234 and two on the second day. We were particularly interested in the proprioceptive test In Experiment 1, proprioception maps in the first two sessions from each participant 316 served as the training set, and the maps in the third session made up the test set. In 317 Experiment 2, we used session 1, 2, and 3 as the training set and used session 4 as the 318 test set. We also collapsed participants from both experiments to test the classification 319 results: all sessions in Experiment 1 and the first three sessions in Experiment 2 were 320 used. Besides using the first two sessions (session 1 and session 2) to predict the last 321 session (session 3), we also tried to use session 1 to predict session 3, use session 2 to 322 predict session 3, and use session 1 to predict session 2. After training, the CNN 
Results

329
In Experiment 1, we found that repetitive measurements of proprioception improved 330 subjects' accuracy of visual matching task. This result is surprising, given that no Fig 2A) . The average proprioception errors of three sessions were 3.098 ± 345 0.776 cm, 2.944 ± 0.767 cm, and 2.420 ± 0.581 cm, respectively (means ± SD, same 346 below). Post hoc pairwise comparisons indicated the proprioception error of the third 347 session was significantly smaller than that of the first session (p < 0.001) and the 348 second session (p = 0.003). However, there was no significant difference between the 349 first and the second session (p = 0.787), which means the proprioceptive accuracy 350 15 only improved significantly on the second day. The error reductions for the second 351 and third sessions were 3.15 ± 20.95% and 19.05 ± 20.72%, respectively. Only the 352 third session had error reduction that was significantly larger than zero (t(25) = 4.657, 353 p < 0.001, one-sample t-test). For the trajectory matching task, the average movement 354 error was 2.172 ± 0.595 cm. The movement error did not correlate to the average 355 proprioception error in session 1 (Fig 2B, r = 0 .267, p = 0.187) or session 2 (r = 356 0.295, p = 0.143). Thus, the accuracy of proprioception measured by the visual-357 matching task appears not predictive of the performance of the trajectory production 3.287 ± 0.994 cm, and 2.569 ± 0.637 cm, respectively (Fig 2C. left) . The 368 proprioception error of the left region was significantly smaller than that of the right 369 region in session 1 (t(25) = -2.587, p = 0.016, paired t-test) and 2 (t(25) = -2.983, p = 370 0.006, paired t-test), but not in session 3 (t(25) = -1.850, p = 0.076, paired t-test). On 371 the other hand, the proprioceptive error was larger on the far side of the workspace 372 than on the near side. The proprioception errors of the near region were 2.861 ± 0.771 373 cm, 2.704 ± 0.588 cm, and 2.341 ± 0.613 cm for the three sessions, respectively. The 374 proprioception errors of the far region were 3.465 ± 0.961 cm, 3.316 ± 1.113 cm, and 375 2.549 ± 0.696 cm, respectively (Fig 2C., right) . Again, the difference between these 376 two regions was significant in session 1 (t(25) = -2.992, p = 0.006, paired t-test) and 2 377 (t(25) = -5.665, p<0.001, paired t-test), but not in session 3 (t(25) = -1.835, p = 0.078, 378 16 paired t-test). The improvement from session 1 to session 3 was also larger in the far 379 region (0.916 ± 0.915 cm) than in the close region (0.520 ± 0.767 cm, t(25) = -3.506, 380 p = 0.002, paired t-test). However, the improvement of the right region (0.745 ± 0.733 381 cm) and the left region (0.612 ± 0.945 cm) was not significantly different (t(25) = -382 1.040, p = 0.308, paired t-test). In summary, participants performed better in the left 383 region and in the near region when proprioception was measured in the reachable 384 workspace. These regional differences tended to decrease with improvement in 385 proprioceptive errors over successive sessions. It is worth noting that the 386 measurement session did not provide any feedback about their performance. The only 387 occasion that performance feedback was provided was the 16 familiarization trials 388 before session 3.
390
The error vectors of all participants at 100 target positions were averaged to construct 391 a group-level proprioception error map ( Fig 3A) . The error map of sessions 1, 2, and 3 with its tail at the target location and its head at the actual hand location. The red and green 410 dots denote the actual hand location in session 2 and 3, respectively. B) Proprioception maps 411 from a typical participant whose error patterns remained similar across measurement sessions.
412
The inter-session correlation coefficient was 0.68, 0.73 and 0.73 for session 1 vs. 2, 2 vs. 3, To quantitively examine the similarity between proprioception maps, we calculated 418 the correlation of proprioception maps between session 1 and 2, between session 2 419 and 3, and between session 1 and 3 for each participant. The average correlation 420 19 coefficients were 0.462 ± 0.216, 0.499 ± 0.196 and 0.412 ± 0.245, respectively.
421
Examining individual participants, we found that 25 (sessions 1 and 2), 24 (sessions 2 422 and 3), and 23 (sessions 1 and 3) out of the 26 participants showed significant 423 correlations. These results indicate that the proprioception map remained stable across 424 sessions for most participants (see a typical participant in Fig 3B) , and only a couple 425 of participants showed large changes across sessions (see a typical participant in Fig   426   3C ). We found that correlation coefficients were significantly larger than zero on the 427 population level (all t(25)s > 7, ps < 10 -7 ). To establish a baseline correlation between 428 error maps, we computed all possible pairwise correlations between every two 429 participants (n = 26*25 for each of the three session pairs). For example, for the 430 correlation between session 1 and session 2, we calculated the correlation coefficients 431 between the 1st participant's proprioception map in session 1 with proprioception 432 maps of participants 2 to 26 in session 2, and thus obtained 25 correlation coefficients.
433
The same procedure was applied for each participant, resulting in 25*26 correlation 434 coefficients that characterized the between-subject similarity of proprioception maps.
435
The between-subject correlation coefficients were 0.153 ± 0.251, 0.147 ± 0.224, and 436 0.139 ± 0.223 for session 1 and 2, session 2 and 3, and session 1 and 3, respectively.
437
These correlation coefficients were also significantly larger than zero due to the large 438 sample size (all t(649)s > 15, ps < 10 -7 ).Importantly, for all three types of pairwise 439 correlations, the within-subject correlation coefficients were significantly larger than 440 the between-subject correlation coefficients (all t(649)s > 5, ps < 10 -6 , t-test; Fig 4A) . The within-subject and between-subject Euclidean distances between proprioception 445 maps were also compared to evaluate the participant specificity in the same way as 446 the correlation coefficient ( Fig 4B) . The within-subject distances (mean: 29.4-33.0 447 cm, SD: 8.2-9.1cm) were significantly smaller than the between-participant distances 448 20 (mean: 39.0-40.6cm, SD: 8.9-9.1cm) for all three groups (all Zs < -4, all ps < 0.001,
449
Wilcoxon t-test). In sum, proprioception errors remain idiosyncratic across sessions 450 and days despite the improvement in average proprioception error.
452
We observed that the between-subject variance declined across time. The distance 453 between the proprioception map of every two participants decreased across three 454 successive sessions (n = 650, Kendall's W=0.236, p < 0.001, Fig 4C) . Post hoc 455 pairwise comparison showed a significant decrease between every two successive 456 sessions (first-second: Z = 3.913, p < 0.001; second-third: Z = 9.391, p < 0.001,
457
Wilcoxon t-test), which indicates the idiosyncratic pattern of proprioception might 458 decrease with repetitive measurements. In Experiment 1, we observed significant improvement of proprioception accuracy 480 across sessions despite that no performance feedback was provided during the 481 measurement. One trivial explanation is that the 16-trial familiarization with feedback 482 before session 3 might serve as a learning session for the visual-matching task. In 483 Experiment 2, we thus canceled the 16-trial familiarization before session 3 to 484 examine this possibility. On day 2, we also added another 16-trial familiarization after 485 session 3 and before session 4 to further examine whether familiarization trials with 486 feedback would lead to the improvement in the proprioception test. Consistent with 487 Experiment 1, the proprioceptive accuracy improved with repetitive measurements 488 (F(2.10,42.04) = 4.528, p = 0.015, one-way ANOVA; Fig 5A) . Post-hoc pairwise 489 comparisons indicated that the proprioception error of both session 3 (p = 0.025) and 490 session 4 (p = 0.048) was significantly smaller than the first two sessions on day 1.
491
The error reductions of session 2, 3, and 4 were 1.03 ± 18.89%, 10.88 ± 16.43% and 492 12.69 ± 20.39% respectively (means ± SD; Fig 5B) , with the latter two significantly 493 larger than zero (session 2: t(20) = 0.258, p = 0.799; session 3: t(20) = 3.035, p = 494 22 0.007; session 4: t(20) = 2.853, p = 0.010, one-sample t-test). The improvement in 495 session 3 confirmed that the improvement observed in Experiment 1 was caused by 496 repetitive measurements as opposed to feedback-based learning in the 16 497 familiarization trials. Providing familiarization trials with feedback before session 4 498 did not further improve the performance (p = 1.000), further against the possibility of 499 feedback-based learning.
501
Experiment 2 also replicated other findings in Experiment 1 ( Figure 5 ). There was no 502 significant correlation between the trajectory-matching error (2.346 ± 0.527 cm, mean 503 ± SD) and the proprioception error in session 1 (r = -0.105, p = 0.649, Spearman 504 correlation, Fig 5C) or session 2 (r = -0.087, p = 0.707, Spearman correlation).
505
Comparing average proprioceptive errors in different workspaces, we found that the 506 means of error in the right region was larger than that in the left region in all four 507 sessions, although none of comparisons reached significance (p: 0.110 -0.859, Fig   508   5D . left, Wilcoxon t-test). The error of the near region was significantly smaller than 509 the error of the far region in the first three sessions (session 1: Z = -2.868, p = 0.004; 510 session 2: Z = -2.103, p = 0.035; session 3: Z = -2.520, p = 0.012, Fig 5D. right,
511
Wilcoxon t-test), but not in session 4 (Z = -0.921, p = 0.357, Wilcoxon t-test). Similar 512 to Experiment 1, the improvement from session 1 to session 4 was larger in the far 513 region than in the close region (t(20) = -2.228, p = 0.038), but the improvement was 514 similar between the left region and the right region (t(20) = -0.399, p = 0.694). In Experiment 2, we continued to observe that the idiosyncratic pattern of 528 proprioception maps persisted across sessions. For the six session-pairs (session 1 vs 529 2, session 2 vs 3, session 3 vs 4, session 1 vs 4, session 1 vs 3, session 2 vs 4), the 530 24 within-subject correlation coefficients had a mean of 0.35-0.548 and a standard 531 deviation of 0.161-0.260. The between-subject correlation coefficients had a mean of 532 0.070-0.099 and a standard deviation of 0.239-0.291. All the within-subject 533 correlation coefficients were significantly larger than the corresponding between-534 subject correlation coefficients (all ts > 6, ps < 10 -5 , t-test, Fig 6A) . Furthermore, the 535 within-participant distances (mean: 27.2-36.9 cm, SD: 7.9-12.6 cm) were smaller than 536 the between-participant distances for all six comparison pairs (mean: 40.7-49.9 cm, 537 SD: 13.1-17.3 cm, all Zs > 3.3, ps ≤ 0.001, Wilcoxon t-test, Fig 6B) . Similar to 538 Experiment 1, the between-subject distances within each session decreased over time 539 (n = 210, Kendall's W = 0.256, p < 0.001, Fig 6C) . Post-hoc pairwise comparisons 540 found significant differences between sessions (1st-3rd, 2nd-3rd, 1st-4th, 2nd-4th, all 541 ps < 0.001). Thus, the between-subject difference between proprioception maps 542 decreased across days but not within days. The same CNN classifier, as in Experiment 1, was used to perform people 554 identification based on proprioception maps. To start with, the participants' 555 proprioception maps from session 1 and 2 made up the training set, and that of session 556 3 as the test set. After training for 350 echoes, the classifier was able to classify the 557 proprioception from the test set with 76.19% accuracy (16/21). Then, session 1 to 3 558 were used to train the CNN classifier, and session 4 was used to test it. We obtained a 559 61.9% testing accuracy (13/21). We also collapsed the data from both experiments to Whether the idiosyncratic pattern of proprioception map persists over time with good 574 within-subject consistency has not been quantitatively investigated in previous 575 research. We used the visual-matching task, a conventional method for measuring 576 proprioception for locating the hand, to repetitively measure proprioception across 577 sessions and across days. We found that 1) humans can improve their proprioception 578 accuracy through repetitive measurements though no performance feedback was 579 26 given during the measurement, 2) the spatial pattern of proprioception error is subject-580 specific and remains idiosyncratic across day despite the improvement of accuracy, 3) 581 participants' proprioception measured in the visual-matching task fails to predict their 582 performance in the trajectory-matching task though both tasks demand accurate 583 location of the hand. persists over time has never been tested. We found that the within-subject correlation 589 of proprioception maps between measurement sessions and days was substantially 590 larger than the between-subject correlation. Furthermore, the within-subject 591 dissimilarity between sessions was much smaller than the between-subject one. These The improvement of proprioception without feedback was surprising at first sight.
602
However, although feedback is considered essential for various learning, perceptual 603 learning studies have reported that people can improve without performance feedback 604 in visual perceptual tasks, such as motion-direction discrimination task (Ball and 605 Sekuler 1987) and texture discrimination task (Karni and Sagi 1991). Researchers 606 27 even have found that the learning rate is similar with and without feedback in a 607 direction discrimination task (Fahle and Edelman 1993). These perceptual 608 improvements are generally attributed to the neural plasticity at the cellular level in 609 the visual system (Petrov et al. 2006) . We have similarly found that people can 610 improve their accuracy in the visual-matching tasks with no performance feedback.
611
This finding was observed in two different groups of participants who were tested in 612 two separate experiments. Importantly, our Experiment 2 dropped the 16-trial 613 familiarization trials, thus completely eliminated performance feedback, but continued 614 to observe the improvement of proprioception across days. It is unlikely that this 615 improvement was a result of learning of the task itself since the visual-matching task 616 was easy, and people did not show any improvement between sessions within a day.
617
Hence, we conclude that proprioceptive performance can be improved by repetitive 618 measurements, even when no performance feedback is provided, at least for the 619 widely-used visual-matching paradigm.
621
For both experiments, the proprioceptive improvement only appeared on the second 622 day, and no improvement was found in session 2 on day 1. Moreover, there was no 623 significant improvement between sessions 3 and 4 on day 2 for Experiment 2. It 624 appears that a night of rest is necessary for the improvement of proprioceptive 625 accuracy. In fact, these findings echo similar findings in other types of perceptual 626 learning where a rest during the night has been shown necessary. For example, in 627 visual studies, one night of sleep is necessary for bringing a performance 628 improvement in a texture discrimination task on the second day (Karni et al. 1994) .
629
This improvement is absent if participants are deprived of REM sleep during the night 630 (Walker, Stickgold, Jolesz, & Yoo, 2005 ). An alternative possibility for our finding is 631 that the manifest of improvement in session 2 might be masked by the trajectory 632 matching task after session 1. Repetitive, active movements could increase the 633 proprioception error in the following measurement session (Kwon et al. 2013) . This 634 effect is possibly related to thixotropic behavior of muscles, i.e., intrafusal fibers of
